Introduction
G-protein-coupled bile acid receptor 1 (GPBAR1), also known as Takeda G-proteincoupled receptor 5 (TGR5), GPR131, or M-BAR, is a member of the membrane-bound G-protein-coupled receptor family. [1] [2] [3] TGR5 is expressed throughout the body; it is expressed at high levels in the placenta and spleen but is expressed at lower levels in other tissues, such as the heart, liver, lung, stomach, kidney, gallbladder, intestine, brown adipose tissue, and endocrine glands. 1, 2 The wide distribution of TGR5 indicates that bile acids may have many unknown functions throughout the body. Regarding signaling, TGR5 activation may induce cyclic adenosine monophosphate (cAMP) to activate protein kinase A, which can induce the transduction of downstream signaling. 1, 4 Therefore, TGR5 is known to regulate the lipid and glucose metabolism, energy homeostasis, and inflammation. TGR5 activation has also been reported to induce glucagon-like peptide-1 (GLP-1) secretion from cultured cells, including mouse enteroendocrine stanniocalcin-1 cells and human intestinal NCI-H716 cells. 5 GLP-1 may reduce glucagon secretion and increase insulin secretion to decrease hyperglycemia through a glucose-dependent mechanism. Therefore, TGR5 agonists improve metabolic disorders in obese and insulin-resistant mice. 6 Moreover, in addition to its role as a gastrointestinal and metabolic regulator, TGR5 also has important roles in the immune system. 7 Therefore, many studies have focused on the applications of TGR5 agonists. 8 However, the pleiotropic effects of TGR5 activation may result in some adverse reactions, such as pruritus 9 and inappropriate gallbladder filling. 10 Moreover, TGR5 activation may promote cholangiocyte proliferation to increase the risk of cholangiocarcinoma. 11 Recently, TGR5 was shown to be expressed in human gastric cancer, 12 although this finding was controversial compared to data from a previous report. 13 Therefore, questions remain regarding the essential role of TGR5 inhibition in clinical applications. However, TGR5 antagonists have not been developed, with the exception of DFN406, a recently described antagonist. 14 Triamterene (6-phenyl-2,4,7-pteridinotriamine) is a widely used, mild diuretic that reduces potassium ion secretion to decrease the reabsorption of chloride ions in distal tubular cells. Blockade of Na + channels with triamterene may hyperpolarize the luminal membrane to reduce the K + , H + , Ca
2+
, and Mg 2+ excretion rates. 15 Therefore, triamterene is applied as a K + -sparing diuretic in the clinic. 16 In addition, triamterene is known to block the epithelial sodium channel on the lumenal side of the collecting tubule in kidney. 17 However, triamterene has been shown to have other effects in addition to its K + -sparing effect as a treatment for hypertension. 18 Triamterene has also been described to be an inhibitor of vascular endothelial growth factor binding. 19 Recently, a TGR5 agonist was found to relax the urinary bladder by inhibiting the opening of the Na + /Ca 2+ exchanger (NCX). 20 Therefore, we aimed to understand the effect of triamterene on TGR5.
In the current study, we propose that triamterene inhibits TGR5. CHO-K1 cells transfected with the TGR5 gene were used to investigate the effect of triamterene on glucose uptake. The effects of triamterene on calcium influx and signals induced by TGR5 activation were also examined in NCI-H716 cells. Furthermore, the effects of triamterene on the blood glucose and GLP-1 levels were further characterized in streptozotocin (STZ)-induced diabetic rats administered with the TGR5 agonist. 
Materials and methods Materials

induction of diabetes in rats
A single intravenous (i.v.) injection of 65 mg/kg STZ (Sigma-Aldrich) was administered to rats to induce type 1-like diabetes. 21 Animals were considered diabetic once their plasma glucose level reached $320 mg/dL in addition to presenting diabetic features. Studies were then started 2 weeks after the successful induction of diabetes.
Determination of blood glucose and glP-1 levels in diabetic rats Diabetic rats were orally administered 5 mg/kg/day sitagliptin (an inhibitor of DPP-4) or a vehicle for 14 days before treatment with the test substance. Blood samples were obtained from the femoral vein of rats. 21 The plasma glucose concentration was then measured using a glucose kit and an automatic analyzer (Quik-Lab, Ames; Miles, Inc., Elkhart, IN, USA). The plasma GLP-1 level was estimated using an enzyme-linked immunosorbent assay (ELISA) kit (EZGLP1T-36K; EMD Millipore Co., Billerica, MA, USA), as previously described. 22 
cell cultures
The human NCI-H716 cells and CHO-K1 cells were purchased from the Culture Collection and Research Center (BCRC) of the Food Industry Institute (Hsin-Chiu, Taiwan). Similar to our previous report, 22 human NCI-H716 cells (BCRC No CCL-251) were cultured in RPMI 1640 medium containing 10% (v/v) fetal bovine serum (FBS) and 2 mM l-glutamine in the presence of 5% CO 2 . CHO-K1 cells (BCRC No CCL-61) were cultured in F-12K growth medium containing 10% FBS. The cells were subcultured according to our previous report. 22 
Transfection of Tgr5 in chO-K1 cells
The CHO-K1 cells were transfected with the human GPBAR1 gene that had been cloned into an expression vector (pCMV6-Entry; OriGene, Rockville, MD, USA). 22 One day later, successful transfection was confirmed using Western blotting using the method described in our previous study. 22 The bands for TGR5 (32 kDa) denoted TGR5 expression, and β-actin (43 kDa) was used as an internal reference. Next, the TGR5-CHO-K1 cells were treated with the indicated concentrations of agonists, LCA or betulinic acid. The effectiveness of triamterene was also investigated using a 30 min pretreatment.
Uptake of 2-nBDg into Tgr5-chO-K1 cells
Glucose uptake into TGR5-CHO-K1 cells was examined using the fluorescent indicator 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG). The assay was performed using the method described in our previous study. 22 The fluorescent intensity indicated the uptake of 2-NBDG in cells that were treated with the indicated concentrations of agonists, betulinic acid or LCA. The effectiveness of triamterene was also investigated using a 30 min pretreatment.
Determination of the calcium level
We applied the fluorescent probe Fura-2 to examine the changes in intracellular calcium concentrations ([Ca 2+ ] i ). Briefly, NCI-H716 cells were incubated with 5 μmol/L Fura-2 before the treatment with the indicated concentrations of agonist. Moreover, in some experiments, the cells were incubated with triamterene for 30 min prior to the agonist treatment using the method shown in the Glucose uptake section. [Ca 2+ ] i was then determined using the method described in our previous report. 23 assessment of glP-1 secretion from nci-h716 cells NCI-H716 cells were incubated with the indicated concentrations of agonist for 1 h. In some experiments, cells were incubated with triamterene for 30 min prior to the agonist treatment. 22 The GLP-1 level was determined using a commercial ELISA kit (EMD Millipore Co.) according to the manufacturer's instructions.
Determination of intracellular caMP levels
The NCI-H716 cells were treated with the indicated concentrations of agonist for 1 h. 22 In some experiments, cells were incubated with triamterene for 30 min prior to the agonist treatment. Intracellular cAMP levels were measured with a commercial ELISA kit (Enzo Life Sciences, Farmingdale, NY, USA) according to the manufacturer's instructions.
statistical analysis
All results are presented as the means ± SEM from the number of samples (n) in each group. One-way analysis of variance (ANOVA) followed by Tukey's post hoc test was used to analyze the differences, and the data sets from two groups were analyzed with an independent t-test using SPSS for Windows, version 17 (Chicago, IL, USA). A P-value #0.05 was considered significant.
Results
effect of triamterene on Tgr5 activation in Tgr5-chO-K1 cells
We used Western blots to confirm that the TGR5 protein was expressed in CHO-K1 cells ( Figure 1A) . The TGR5 protein expressed in TGR5-CHO-K1 cells was functional, as described in our previous report. 22 The direct effect of triamterene on the TGR5 was then investigated. After incubation with the agonists LCA ( Figure 1B ) or betulinic acid ( Figure 1C) , the 2-NBDG concentration was significantly increased in TGR5-CHO-K1 cells. Moreover, the increased intracellular 2-NBDG concentration was markedly reduced by triamterene in a dosedependent manner. However, a 30 min pretreatment with KB-R7943 at a dose sufficient to block the NCX 24 did not modify the increase in the 2-NBDG levels induced by the agonists LCA or betulinic acid. effects of triamterene on signals induced by Tgr5 activation in cultured nci-h716 cells NCI-H716 cells expressing TGR5 have previously been characterized. 25 Therefore, we used NCI-H716 cells to 
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Triamterene inhibits Tgr5 identify the effects of the agonists, LCA or betulinic acid, on receptor-coupled signals via TGR5 activation. 22 In the presence of triamterene, the LCA-induced release of GLP-1 was reduced ( Figure 3A) . Moreover, the betulinic acid-induced increase in the cAMP concentration ( Figure 3B ) was also dose-dependently attenuated by triamterene. However, a 30 min pretreatment with KB-R7943 at a dose sufficient to block the NCX 24 did not affect GLP-1 secretion or the increased cAMP concentrations induced by TGR5 agonists. Taken together, these results further support the inhibitory effect of triamterene on TGR5 in vitro.
effect of triamterene on plasma glP-1 levels in diabetic rats Diabetic rats were orally administered 5 mg/kg/day sitagliptin (an inhibitor of DPP-4) or a vehicle for 2 weeks before treatment with the testing substance. In STZ-induced diabetic rats, TGR5 agonists further increased the plasma GLP-1 levels induced by sitagliptin at a dose sufficient to block DPP-4, as shown in Figure 4A and B. Triamterene dose-dependently attenuated the TGR5 agonist-induced increase in the GLP-1 levels ( Figure 4A and B) . Furthermore, TGR5 activation markedly attenuated the hyperglycemia in diabetic rats, and this action was also potentiated by the DPP-4 inhibitor sitagliptin ( Figure 5A and B) . Therefore, the effects of TGR5 agonists on GLP-1 secretion to decrease hyperglycemia in type 1-like diabetic rats seem to be markedly regulated by DPP-4, the GLP-1-inactivating enzyme. In addition, triamterene produced a dose-dependent reversion of these effects induced by TGR5 agonists. However, triamterene (50 mg/kg) alone did not modify the plasma glucose or GLP-1 levels in diabetic rats. Moreover, the plasma insulin levels in type 1-like diabetic rats (0.57±0.11 ng/L; n=8) were not modified (P.0.05) by LCA (0.56±0.08 ng/L; n=8) or betulinic acid (0.55±0.12 ng/L; n=8). Triamterene (50 mg/kg) alone did not modify the plasma insulin levels (0.58±0.08 ng/L; n=8) in these diabetic rats. Therefore, the TGR5 agonists do not appear to induce changes in insulin levels in type 1-like diabetic rats.
Discussion
As shown in the present study, triamterene inhibits TGR5. A direct effect of triamterene on the TGR5 has also been observed in CHO-K1 cells transfected with the TGR5 gene. Moreover, the actions of TGR5 agonists in cultured cells were also competitively inhibited by triamterene. Furthermore, the TGR5 agonist-induced increase in plasma GLP-1 levels in diabetic rats was markedly reduced by triamterene. Therefore, triamterene may be a useful TGR5 inhibitor in vitro and in vivo.
TGR5 has been shown to play important roles in regulating inflammation, glucose metabolism, and energy metabolism. 26 Therefore, previous studies have focused on the development of TGR5 agonists. 8 However, TGR5 has recently been shown to be the physiological mediator of pruritus. 9, 27 Therefore, TGR5 inhibition may be a rational strategy to avoid side effects and might have utility as a treatment for some cholestatic disorders.
14 A TGR5 antagonist is still not available commercially; however, one compound, DFN406, has recently been identified.
14 Studies investigating the role of TGR5 antagonists in metabolism would be meaningful. We showed the inhibitory effect of triamterene on the TGR5, a new finding that has not been reported previously.
In the present study, the administration of TGR5 agonists, betulinic acid or LCA, to CHO-K1 cells transfected with the TGR5 gene induced a significant increase in glucose uptake, consistent with previous studies. 22, 28 Triamterene treatment exhibited dose-dependent inhibition of the increase of glucose uptake induced by LCA or betulinic acid. Nevertheless, the administration of KB-R7943 at a dose sufficient to block the NCX 24 failed to affect the glucose uptake induced by both agonists. Therefore, the mechanism underlying the inhibitory action of triamterene appears to be NCX independent.
The competitive antagonism-like action of triamterene was further confirmed in NCI-H716 cells. NCI-H716 cells are widely used as a murine and human model of GLP-1 secretion. 29 Also, TGR5 activation induces GLP-1 secretion by affecting cAMP signaling and increasing calcium influx in NCI-H716 cells. 22 The triamterene pretreatment inhibited the increased calcium influx induced by betulinic acid or LCA in NCI-H716 cells in a dose-dependent manner. Thus, the effect of triamterene on decreasing calcium influx in NCI-H716 cells mainly occurs through TGR5 inhibition. The possible mechanisms might be that the competitive antagonist triamterene binds to TGR5 to decrease its activation by betulinic acid or LCA. However, a radioligand-binding study would be useful to clarify this hypothesis in the future.
Moreover, triamterene inhibits TGR5 activation-induced GLP-1 secretion from NCI-H716 cells. Additionally, the increase in cAMP levels induced by TGR5 activation was also reduced by triamterene in a dose-dependent manner. However, treatment with KB-R7943 at a dose sufficient to block the NCX 24 did not modify either effect. Although triamterene is known as a K + -sparing diuretic agent, 16 researchers have challenged that triamterene has additional functions to its role as a K + -sparing drug. 18 The dose of KB-R7943 used in this study has been shown to block ATP-sensitive 
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Triamterene inhibits Tgr5 potassium currents. 30 Therefore, our results are consistent with the findings showing that triamterene exhibits a pleiotropic effect in addition to a K + -sparing effect. Thus, functional blockade of TGR5 by triamterene can be identified in vitro.
GLP-1 plays an important role in the regulation of glucose homeostasis via actions including increasing glucosedependent insulin secretion, proinsulin gene expression, and β-cell proliferation and anti-apoptotic signaling. 31 Therefore, we investigated the in vivo effects of triamterene on STZinduced diabetic rats. In this model, the role of endogenous insulin is negligible, as previously described. 21 Similar to patients with diabetes, 32 activation of the TGR5 induces GLP-1 secretion. The increase in plasma GLP-1 levels induced by TGR5 agonists in type 1-like diabetic rats was dose-dependently reduced by triamterene. Moreover, TGR5 agonists also reduced hyperglycemia, and this action was blocked by triamterene in a similar manner. However, the inhibition of DPP-4, the GLP-1-inactivating enzyme, by sitagliptin markedly increased the plasma GLP-1 levels in diabetic rats. Sitagliptin is a clinically used antidiabetic drug that inhibits the degradation of incretins, mainly GLP-1, as previously described. 33 The reduction of hyperglycemia induced by TGR5 activation was also promoted in the presence of sitagliptin at a dose sufficient to block DPP-4. Changes in plasma GLP-1 and glucose levels induced by TGR5 agonists in the presence of the DPP-4 blockade were inhibited by triamterene in a similar manner. Therefore, we propose that triamterene inhibits GLP-1 secretion in diabetic rats by inhibiting TGR5.
In conclusion, we provide evidence showing that triamterene inhibits human TGR5. Triamterene attenuated the increase in GLP-1 secretion induced by TGR5 activation in cells and animals. Therefore, triamterene is suitable for development as a TGR5 inhibitor and could be applied from bench to bedside in the future.
